In this paper we describe and evaluate new spectral line polarisation observations obtained with the goal of mapping the surfaces of magnetic Ap stars in great detail. One hundred complete or partial Stokes IQU V sequences, corresponding to 297 individual polarised spectra, have been obtained for 7 bright Ap stars using the ESPaDOnS and NARVAL high resolution spectropolarimeters. The targets span a range of mass from approximately 1.8 to 3.4 M ⊙ , a range of rotation period from 2.56 to 6.80 days, and a range of maximum longitudinal magnetic field strength from 0.3 to over 4 kG. For 3 of the 7 stars, we have obtained dense phase coverage sampling the entire rotational cycle. These datasets are suitable for immediate magnetic and chemical abundance surface mapping using Magnetic Doppler Imaging (MDI). For the 4 remaining stars, partial phase coverage has been obtained, and additional observations will be required in order to map the surfaces of these stars. The median signal-to-noise ratio of the reduced observations is over 700 per 1.8 km s −1 pixel. Spectra of all stars show Stokes V Zeeman signatures in essentially all individual lines, and most stars show clear Stokes QU signatures in many individual spectral lines. The observations provide a vastly improved data set compared to previous generations of observations in terms of signal-to-noise ratio, resolving power and measurement uncertainties. Measurement of the longitudinal magnetic field demonstrates that the data are internally consistent within computed uncertainties typically at the 50 to 100σ level. Data are also shown to be in excellent agreement with published observations and in qualitative agreement with the predictions of published surface structure models. In addition to providing the foundation for the next generation of surface maps of Ap stars, this study establishes the performance and stability of the ESPaDOnS and NARVAl high-resolution spectropolarimeters during the period 2006-2010. 
INTRODUCTION
The classification Ap identifies a (main sequence) A or B type star which displays peculiar chemical abundances, usually combined with an observable magnetic field. Although other classes of chemically peculiar stars exist (e.g. Am stars, Hg-Mn stars, He-weak stars), these stars have been demonstrated to lack strong, organised magnetic fields at their surfaces (e.g. Shorlin et al. 2002 , Wade et al 2006 , Makaganiuk et al. 2011 . Ap stars appear to be the only class of middle main-sequence stars for which, in all cases, an observable magnetic field is present (Aurièrie et al. 2007 ).
Since their discovery by Babcock in 1947, the magnetic fields of Ap stars have been established through observation to have important global dipole components with polar strengths ranging from hundreds to tens of thousands of gauss. The symmetry axis of the dipole component is almost always significantly tilted relative the stellar rotation axis. In addition, Ap stars generally spin much more slowly than non-peculiar stars of similar masses (Stepień 2000) , and as they spin they exhibit line profile variations attributed to rotational modulation of patchy, non-axisymmetric lateral and vertical distributions of chemical abundance in their photospheres. The distributions of abundance vary significantly from element to element: some are distributed relatively uniformly, while others show strong contrast; some are distributed in relatively simple patterns, while others show complex distributions. While it is generally accepted that the fundamental mechanism responsible for the chemical peculiarities is microscopic chemical diffusion (as described by Michaud 1970) , the origin of chemical patchiness, and the relationship to the magnetic field, is poorly understood.
The earliest studies of the magnetic field geometries of Ap stars interpreted the rotational variations of their longitudinal magnetic fields in the context of Stibbs' Oblique Rotator Model assuming a simple magnetic dipole field (e.g. Babcock 1947 Babcock , 1951 Stibbs 1950) . However, with the acquisition of increasingly sophisticated diagnostic data (the mean surface field (or mean field modulus), and highresolution line profiles), it became clear that the large-scale field topologies exhibited important departures from the simple dipolar model (e.g. Preston & Sturch 1967 , Landstreet 1970 , 1988 .
Leroy and collaborators , 1995ab, 1996 , Bagnulo et al. 1995 , Wade et al. 1996 systematically studied Ap stars using broadband linear polarisation measurements and models, constraining the transverse component of the magnetic field. Importantly, they found that differences between the observed linear polarisation variations and those predicted by the simple dipole model could not be fully explained by abundance inhomogeneities alone . With this work, they established a modified dipolar model with a trend toward an outward expansion of the field lines over some parts of the magnetic equator, and showed the potential of linear polarisation for diagnosing small-scale structure of the magnetic fields of Ap stars. Thus, the observations and modeling undertaken during the latter half of the 20th century allowed progress from a simple view of the magnetic fields of Ap stars to a relatively sophisticated picture in which fields were known to show both global-scale and local-scale departures from a simple dipole. Leroy et al. (1996) commented that high-resolution spectropolarimetry represented the next step in furthering the study of the magnetic field geometry of Ap stars. Four years later, Wade et al. (2000a) published the first compendium of phase-resolved high-resolution spectropolarimetric observations of Ap stars in both circular and linear polarisation. Using the MuSiCoS spectropolarimeter, R = 35, 000 Stokes IQU V spectra with a median S/N of 300 (per 4.6 km s −1 pixel) were obtained for 14 Ap stars. While the quality of the spectra was sufficiently good to show the shape and phase variation of all Stokes parameters in mean Least-Squares Deconvolved (LSD) line profiles, measurement in individual spectral lines was restricted to a few particularly strong lines, principally those of Fe ii multiplet 42. Nevertheless, the Stokes profiles of 53 Cam were used by Bagnulo et al. (2001) and Kochukhov et al. (2004) to evaluate published magnetic models developed based on less sophisticated data. Those authors found that models based on so-called "magnetic observables" (e.g Bagnulo 2000) led to derivation of surface magnetic field characteristics that were not consistent with the detailed Stokes profiles, and that both circular and especially linear polarisation profiles were required for realistic reconstruction of the field.
Following these conclusions, and Lueftinger et al. (2010) for HD 24712 employed the new Magnetic Doppler Imaging technique (MDI), described by and , to construct high resolution maps of the surface vector magnetic field maps using Stokes IV observations and by preferring a global low-order multipolar field structure. Maps using Linear polarisation profiles (Stokes Q and U ) made by Kochukhov et al. (2004) and Kochukhov & Wade (2010) for the Ap stars 53 Cam and α 2 CVn. These maps were distinguished from earlier models in that they were computed directly from the observed polarised line profiles, making no a priori assumptions regarding the largescale or small-scale topology of the field. The MDI surface magnetic field maps of both stars revealed that their magnetic topologies depart significantly from low-order multipoles. In particular, both studies concluded that while the global topology of the magnetic field was reasonably smooth, the strength of the field was quite patchy, indicating complex structure on relatively small scales. Simultaneous mapping of the distributions of the surface chemical abundances of several elements was also performed, allowing a comparison between the local field properties and local photospheric chemistry.
It is important to note that the observational material used in the MDI studies of 53 Cam and α 2 CVn represented the best data sets obtained from several years of MuSiCoS observations. In those spectra the uniquely valuable Stokes Q and U Zeeman signatures were only clearly detectable in 3 strong lines, with a significance (i.e. amplitude divided by error bar) of 5 or less. The relatively low signal-to-noise ratio and resolving power achievable with the MuSiCoS instrument led to some ambiguity in the field reconstruction, and limited the useful sample of stars to those with bright apparent magnitudes, strong fields and sharp lines. Because MDI exploits the indirect resolution of the stellar disc due to stellar rotation, this means that those stars best suited to reconstruction (relatively rapidly-rotating stars, with consequentially weaker Stokes profiles) were inaccessible to MuSiCoS. As a result, only an extremely limited range of stellar properties (rotation, mass, temperature, magnetic field, etc.) which may influence the phenomena of interest could be studied using the MuSiCoS data.
To address outstanding questions surrounding the detailed magnetic structure of Ap stars and the effect of the magnetic field on atmospheric chemical transport processes, we have acquired new higher-resolution and signal-to-noise Stokes IQU V spectra of a small sample of well-studied magnetic Ap stars using the new generation of high-resolution spectropolarimeters. In this paper we describe the observations obtained. We demonstrate the stability of the instru- mentation during the 5 years of observation by evaluating the internal and external agreement of the data. We illustrate the quality of the observed Stokes profiles, comparing with MuSiCoS results and demonstrating that they represent a qualitative step forward in our ability to diagnose the magnetic structure of Ap stars.
TARGETS
Targets selected for this study are bright Ap stars demonstrated to exhibit strong Stokes profiles by Wade et al. (2000a) . We attempted to select targets spanning a large range of stellar physical properties as well as field strengths and geometries. Target stars were generally required to have the following characteristics to be suitable for this study:
• Well-determined rotation periods -This study requires phase-resolved timeseries observations. All targets must therefore have well-determined, unambiguous rotation periods so that each phase is observed correctly.
• Suitable projected rotational velocity -The projected rotational velocity must be neither too rapid (rapid rotators > 50 km s −1 typically have shallow Stokes profiles which are challenging to detect and interpret) nor too slow (< 2 km s −1 whilst MDI can be applied to stars with such small rotational velocities, the advantage of Doppler tomography is lost).
• Strong magnetic fields and variability -Because MDI relies on both the shape and variation of line profiles to determine the geographic location of magnetic and chemical features, target stars should display strong and variable Stokes profiles.
Ultimately, 7 targets were selected for monitoring. The target list is shown in Table 1 .
OBSERVATIONS OBTAINED WITH ESPADONS AND NARVAL
Both the ESPaDOnS and NARVAL instruments consist of a bench mounted cross-dispersedéchelle spectrograph, fibre-fed from a Cassegrain-mounted polarimeter unit. These instruments are designed to overcome the limitations encountered with MuSiCoS, with improved resolution (R = λ/∆λ ≃ 65000), sensitivity (approximately 15-20% throughput) and wavelength coverage from 369-1048 nm (with gaps at 922.4 to 923.4 nm, 960.8 to 963.6 nm and 1002.6 to 1007.4 nm). The ESPaDOnS (Échelle SpectroPolarimetric Device for the Observation of Stars) spectropolarimeter is installed at the 3.6 m Canada-France-Hawaii Telescope (CFHT), and the NARVAL spectropolarimeter is installed at the 2 m Bernard Lyot telescope at Pic du Midi observatory. ESPaDOnS and NARVAL are essentially identical instruments, with NARVAL constructed based on the experience of ESPaDOnS. The polarimetric unit (at the Cassegrain focus) allows two orthogonal states of a given polarisation (circular or linear) to be are recorded throughout the entire spectral range. The polarimeters of ESPaDOnS and NARVAL are of a similar design to the "Sempol" visitor polarimeter (Donati et al. 2003 ) used on the AAT (Anglo-Australian Telescope). The polarimeter is split into two parts, the upper part is for guiding and calibration, containing the guiding camera (a commercial FLI MaxCam series CCD camera is used in NARVAL and as of semester 2011A a QSI Imaging CCD camera is used in ESPaDOnS), an atmospheric dispersion corrector and calibration wheel. The lower part contains the Fresnel rhomb retarders which are used to perform the polarimetric analysis. These optics are in 4 different drawers which contain the following (in order): a half-wave rhomb (consisting of a pair of quarter-wave rhombs), a quarterwave rhomb, a second half-wave rhomb, and finally a FabryPerot wheel on one side and a Wollaston/wedge plate slide on the other side. To enhance the achromaticity of the phase delay, and to keep it at 90 ± 0.5
• across the whole optical domain, the rhombs are coated with a thin layer of MgF2, yielding a performance significantly better than achromatic crystalline plates which can vary by about 20
• from the required quarter-wave retardance. Another advantage of Fresnel rhombs is that they do not produce detectable spectral ripples due to the fact that the fringe spacing is on the order of the pixel size. The half-wave rhombs can rotate about the optical axis by a specified angle. The final component, the Wollaston prism, consisting of two orthogonal calcite prisms that are cemented together, acts as a polarising beamsplitter. The two beams of light from the beamsplitter are transmitted by some 30 m of optical fibre to the spectrograph. ESPaDOnS includes a fiber agitator, which shakes the optical fiber to remove modal noise that may be present.
The ESPaDOnS spectrograph unit consists of a double set of high-reflectance collimators cut from a single 680 mm parabolic mirror, with a focal length of 1500 mm. The grating is a 79 gr/mm monolithic grating with a dimensions of 200 by 400 mm. The camera lens is a fully dioptric f /2 388 mm focal length lens, with a 210 mm free diameter (7 lenses in 4 blocks, one block being a 220 mm quadruplet). For cross-dispersing, a high dispersion prism made of a train of 2 identical PBL25Y prisms with an 35
• apex and 220 mm Table 1 . Stars discussed in this paper, along with ancillary data: HD designation, other name, V magnitude, spectral type, projected rotational velocity, rotational period, radius, inclination, the number of longitudinal field measurements obtained, the median longitudinal field uncertainty obtained, the number of net linear polarisation measurements obtained. Projected rotational velocities (v sin i) have been measured in this study, as discussed in the analysis section. The periods were obtained from various sources as described in the Sect 6. Masses are those reported by Kochukhov and Bagnulo (2006) and the average longitudinal magnetic fields are taken from the catalogue of stellar effective magnetic fields (Bychkov et al. 2003) , using values obtained from Least-Squares Deconvolved profiles if available. Temperatures are those reported by Kochukhov and Bagnulo (2006) and stellar radii as reported in Leone et al. (2000) for HD 32633, Pasinetti Fracassini et al. (2001) for HD 40312, Kochukhov and Wade (2010) for HD 112413 and Wade (1997) for the remaining stars. Inclinations are taken from Stepień (1989) for HD 32633, Rice, Holmgren and Bohlender (2004) for HD 40312 and Kochukhov and Wade (2010) for HD 112413 and from Leroy et al. (1996) for the remaining stars. The spectrograph unit is mounted on an optical bench, which is housed in a thermal enclosure found in the inner Coudé room at CFHT.
This configuration yields full spectral coverage of the optical domain (from grating order 61 centred at 372 nm to grating order 22 centred at 1029 nm) in a single exposure. In polarimetric mode this should, in principle, achieve a resolution in excess of 65,000, but due to a charge transfer efficiency issue with the EEV1 CCD detector, the true resolution varies from approximately 68,000 in the blue to 61,000 in the red. The peak throughput of the spectrograph (with CCD detector) is about 40% to 45%, bringing the total instrument peak efficiency to a level of about 15% to 20%.
The configuration of NARVAL is much the same with the exception of an 2.8 arcsec aperture pupil (versus 1.6 arcsec for ESPaDOnS). NARVAL does however benefit from better spectrograph thermal stability (by approximately a factor of 10) than ESPaDOnS, due to the use of a double thermal layer enclosure.
The resolving power and signal-to-noise ratio of both instruments vary with wavelength in a predictable manner, as illustrated in Fig. 2 , which shows the signal-to-noise ratio as a function of wavelength for four observations of α 2 CVn (two acquired with ESPaDOnS, and two with NAR-VAL). The variation in the spectral resolving power R as a function of spectral order for a selection of observing nights is shown in Fig. 3 . This figure illustrates that the characteristics of the instruments do not vary significantly on the timescales relevant for this project (nights to years). Variability in atmospheric conditions (e.g. seeing) may well be a dominant contributor to the scatter in resolving power.
In terms of observations the following steps occur; the two output beams from the Wollaston prism, which have been analysed into the two components of circular polarisation (using the quarter-wave rhomb) or linear polarisation (using the half-wave rhomb, are then carried by the pair of optical fibres to the spectrograph where two interleaved spectra are formed. The I component of the stellar Stokes vector is formed by adding the two corresponding spectra, while the V , Q or U polarisation component is obtained from the ratio method as discussed by Bagnulo et al. (2009) . To minimise systematic errors due to small misalignments, differences in transmission, effects of seeing, etc., one complete observation of a star consists of four successive sub- exposures; for the second and third, the waveplate settings are changed so as to exchange the positions of the two analysed spectra on the CCD. This same procedure is used for all polarisation spectra, Stokes V , Q and U .
Calibration of the instrument uses a combination of thorium/argon and thorium/neon lamps, with the lamp calibrations taken at the beginning and at the end of each night for a primary wavelength calibration. Telluric lines are then later used to perform a second wavelength calibration during the reduction process using libre-ESpRIT. Filters are used to minimise the blooming on the chip at the red end of the spectrum. Two tungsten lamps are utilised for the flat fields frames, with one low intensity lamp being used with a red filter and the other lamp being higher intensity and used with a blue filter.
The reduction of observations is carried out at the observatories using the dedicated software package LibreESpRIT, which yields both the I spectrum and the V circular polarisation spectrum and/or QU linear polarisation spectra of each star observed. It is important to note that libre-ESpRIT automatically finds and removes continuum polarisation. In this work each reduced spectrum is normalised order-by-order using a FORTRAN code specifically optimised to fit the continuum of these stars.
A diagnostic null spectrum called the N spectrum, computed by combining the four sub-exposures in such a way as to have real polarisation cancel out, is also calculated by Libre-ESpRIT (again, see Bagnulo et al. 2009 for the definition of the null spectrum). The N spectrum tests the system for spurious polarisation signals. The result of the reduction and normalisation procedure are continuumnormalised, one-dimensional spectra in the form of wavelength, I/Ic, V /Ic, Q/Ic, U/Ic, two independent normalised N spectra N1/Ic and N2/Ic, and an error bar (computed by propagating photon uncertainties through the reduction procedure), tabulated pixel-by-pixel.
Weak signatures are visible in LSD N profiles associated with some Stokes Q and U spectra. Experiments conducted in order to diagnose and mitigate polarisation crosstalk (see Barrick et al., in preparation) indicate that these signatures are related to this phenomenon. However, data acquired during early NARVAL runs in 2006 exhibit substantially stronger signatures. These signatures are reported by TBL staff to result from problems with the coatings on the λ/2 rhombs in use in 2006. The rhombs were subsequently replaced, and no similar strong signatures are detected in later observations. Based on our comparisons of Stokes Q and U profiles obtained with the two instruments during the course of our observing program, it is clear that these N signatures are not diagnostic of any detectable contamination of the associated Q and U profiles.
In this study we have obtained 100 polarimetric sequences corresponding to 297 individual polarised spectra. The observations were initially obtained in classical observing mode, and later in service mode at both telescopes. In total 48 sequences were obtained with ESPaDOnS and 52 with NARVAL. The log of observations is reported in Table  3 , and the achieved phase coverage of the stellar targets is illustrated in Fig. 1 . The resulting reduced spectra are illustrated in Fig. 8 which demonstrates the quality of the data, with Stokes V QU signatures seen in many individual lines.
CROSSTALK
During the commissioning of ESPaDOnS in 2004 it was found that the instrument exhibited crosstalk between linear polarisation and circular polarisation (and vice versa). Due to the relatively strong circular polarisation in the spectral lines of our targets, contamination of the significantly weaker linearly polarised profiles is potentially a serious problem.
The contributing optical component to this crosstalk identified initially was the collimating triplet within the polarimeter unit. This component was replaced in June 2006, resulting in a reduction of the crosstalk to the 5% level (from an initial level of 10-15 %). After replacing the triplet lens again in October 2008, the crosstalk appeared to have been reduced to 2-3%, but still exhibited strong temporal changes. It was discovered in October 2009 that the atmospheric dispersion corrector (ADC) was an important and previously unrecognised source of crosstalk within the polarimetric unit. The ADC was replaced in the fall of 2009, and since that time the crosstalk has been small and stable, with crosstalk from Stokes V into Stokes U at the 0.5% level, and no measurable crosstalk from Stokes V into Stokes Q (i.e. below ∼ 0.1 − 0.2%). The procedure and results of the investigations of the crosstalk, are reported by Barrick et al. (in preparation) . The evolution of the ESPaDOnS crosstalk with time, based on the results of Barrick et al., is illustrated in Fig. 4 .
Less extensive crosstalk monitoring has been performed with NARVAL. Results from September 2009 indicated that with the ADC in place, the crosstalk was 3.1% from Stokes V to Stokes Q, and below 0.1-0.2% from Stokes V to Stokes U . Without the ADC in place, the crosstalk was reduced to 2.1% in Stokes Q, but increased to 1% in Stokes U (illustrating that the NARVAL ADC also introduces crosstalk, but again that it is not the sole source). It is important to note that at the current time, no tests of how this crosstalk changes with time have been made with NARVAL.
Although the crosstalk is now below 1% in ESPaDOnS and probably around 2% in NARVAL, observations for this project have been acquired over the last 4 years and during some of this time the crosstalk may have been higher (and almost certainly was for ESPaDOnS). It is important to understand how crosstalk could affect the Stokes Q and U signatures measured in spectral lines. A series of test was therefore performed to evaluate the importance of this crosstalk.
The first test was to examine the Stokes profiles of the Fe ii λ6149 line. This line has a relatively large Landé factor, but in the linear regime of the Zeeman effect it is predicted be purely circularly polarised as a consequence of the σ and π components of this line having the same strength and identical splitting. In this case we would interpret any signal in Stokes Q and U as due to crosstalk from Stokes V . We have examined λ6149 in our spectra, as well as spectra discussed by Barrick et al. (in preparation) . In no case do we observe any significant signal in this line.
Then, we carefully examined one of the crosstalk diagnostic observations of the cool magnetic star γ Equ obtained during CFHT engineering time. As described by Barrick et al. (in preparation) , on-sky crosstalk diagnosis employs observations of slowly-rotating magnetic Ap stars observed in all Stokes parameters at two positions of the CFHT's Cassegrain bonnette to unambiguously measure the crosstalk into Stokes Q and Stokes U . The diagnostic observation of γ Equ (obtained in July 2009, with a peak S/N of over 1000) yielded relatively high crosstalk levels of 2.3% in Stokes Q and 5.1% in Stokes U . By comparing the observations with and without crosstalk, it was found that the crosstalk contributions to Stokes Q is within the noise, whilst the crosstalk contributions to Stokes U appears to be slightly above the noise, as illustrated by Fig. 5 . It is important to note that the removal of the crosstalk using techniques as described in Barrick et al. (in preparation) requires the acquisition of a second series of observations following a rotation of the Cassegrain bonnette, a procedure which is not standard practice during regular observations. γ Equ is an extremely sharp lined star, which means the crosstalk contribution will have a greater effect than it would in the broader lined stars studied in this paper. Nevertheless, the potential influence of the crosstalk on MDI will be investigated and discussed in a future paper (Silvester et al. in preparation) .
These comparisons demonstrate that the contribution of crosstalk to the Stokes profiles is below, or at most just above, the level of the noise of the best-quality observations of Ap stars acquired with these instruments.
LONGITUDINAL MAGNETIC FIELD AND NET LINEAR POLARISATION
To examine the self-consistency of the new polarisation spectra, as well as to evaluate their consistency with published magnetic data for our targets, we have measured the mean longitudinal magnetic field and net linear polarization using Least-Squares Deconvolution (LSD). LSD (Donati et al. 1997 and Kochukhov et al. 2010 ) is a multiline analysis method that produces mean Stokes I and V profiles Figure 5 . A comparison between the measured crosstalk in Stokes Q and U and the null spectrum for observations of γ Equ taken with ESPaDOnS (16th July 2009) (top row), with the actual observations shown below (lower frame). In the strong, magnetically sensitive line Fe II 5018 line, the crosstalk in Stokes Q is below the noise, where as the crosstalk in Stokes U is slightly above the noise.
using essentially all metallic lines in the stellar spectrum. It assumes that the observed spectrum can be represented as the convolution of a single mean line profile with an underlying spectrum of unbroadened metal and helium lines of appropriate wavelength, depth and Landé factor (the "line mask" computed using spectrum synthesis; e.g. Wade et al. 2000a ).
The LSD model allows the computation of single, average Stokes I and V line profiles, usually characterised by a signal-to-noise ratio significantly higher than that of indi- vidual spectral lines, scaling roughly as the square root of the number of lines used.
The projected rotational velocity v sin i of each star was derived by fitting a selection of spectral lines (typically in the 4500Å region) with a synthesised spectrum created using the Synth3 spectrum synthesis code (Kochukhov, 2007) . Each line in the selection had v sin i determined by using a χ 2 fitting function which is included as part of the Binmag spectral visualization tool. The resulting mean (and standard deviation) values one reported in Table 1 . Line masks for this study were compiled using Vienna Atomic Line Database (VALD, Kupka et al. 1999 ) "extract stellar" requests, with effective temperatures (adopted based on the literature) of each target. It should be noted when creating each line mask, a constant log g of 4.0 was used for all stars. Input chemical abundances were determined by a rough abundance analysis, based typically on lines around the 4500 A region. The abundance analysis was performed by using the Synth3 spectrum synthesis code (Kochukhov 2007) with ATLAS9 solar abundance model atmospheres used to create synthetic spectra that were compared directly to the observations. The input abundances were then adjusted in the synthetic spectrum until a reasonable agreement was found with the observed spectrum. A comparison between of two synthetic spectra, one computed using solar abundances and one using the final determined abundances, is shown in Fig  7 for HD 32633. The final abundances were then adopted in the line mask creation. By doing so we ensure that any uncertainties caused by the mask when performing the LSD analysis are minimal.
As discussed by Shorlin et al. (2002) , the LSD S/N is only weakly sensitive to the line-depth cutoff employed to populate the mask. Following their results, we have chosen to employ a line-depth cutoff equal to 10% of the continuum. Imposing such a cutoff has a related advantage: because weaker lines are less likely to have published experimental Landé factors (and to generally have more poorlydetermined atomic data), we pre-filter our line list to (statistically) exclude those lines with the poorest data. In addition Balmer lines are removed from the mask and the mask is restricted to the ESPaDOnS/NARVAL spectral range. Application of LSD to the data yields a set of mean profiles (Stokes I, Stokes V and N) for each reduced spectrum.
The mean longitudinal magnetic field B ℓ was computed from each LSD profile set. This quantity was evaluated by computing the first-order moment of the Stokes V profile in velocity according to: (Mathys 1989 , Donati et al. (1997 , Wade et al. 2000a) where vO is the centre-of-gravity of the Stokes V profile, g is the integrated mean Landé factor and λ is the weighted mean wavelength of all the lines included in the mask. LSD profiles were locally re-normalised to a continuum level of 1.0 before evaluation of Eq. (1). Uncertainties associated with B ℓ were computed by propagating the formal uncertainties of each LSD spectral pixel through Eq. (1). LSD profiles are extracted for each star uniformly weighted to the same landé factor, line depth and wavelength.
To determine the net linear polarisation (see e.g. Wade et al 2000a) the LSD Stokes Q or U profile was integrated to compute the normalized equivalent width of the line polarization using:
It was found that both net linear polarisation and longitudinal field measurements were sensitive to the integration range used to calculate Eqs. (1) and (2). Integration ranges were carefully chosen to include the entire line profile, while avoiding including excess continuum outside of the profile (which contributes only noise). This was accomplished initially by selecting limits based on the apparent extent of the wings of the Stokes I profile. We then evaluated visually if any significant polarised flux was located outside of the limits, adjusting the integration limits as necessary.
As was the case with Stokes V , LSD Stokes I profiles associated with Stokes Q and U profiles were locally renormalised to a continuum level of 1.0 before evaluation of Eq. (2).
Longitudinal field measurements are phased according to the ephemerides given in Table. 1. We verified that all adopted periods were sufficiently precise that no significant relative phase uncertainties exist. A harmonic curve was fitted by least-squares to the phased longitudinal field data. The degree of the harmonic function which yielded the lowest reduced χ 2 , while still providing a significant and systematic improvement to the fit, was chose as the "best" fit. The results of the fit are shown in Table 2 . It should be noted that whilst the fits to the longitudinal field variations help compare different data sets, quantify the dispersion of the data and the verify the accuracy of the error bars, their parameters and degree do not necessarily have any easilyinterpretable physical meaning.
To allow a consistent comparison between the MuSiCoS and ESPaDOnS/NARVAL data, the normalisation of the ESPaDOnS/NARVAL data had to be performed carefully. Care also had to be taken with the integration limits when determining both the longitudinal field and net-linear polarization.
When we compared the new longitudinal field measurements with those computed from MuSiCoS spectra, immediate agreement was found between the new measurements and those of Wade et al. (2000b) , except in the case of HD 71866 and α 2 CVn which showed a slight discrepancy. By re-computing the Stokes V MuSiCoS LSD profiles for these stars with the new masks, the observations were brought into agreement. It is possible that if both HD 71866 and α 2 CVn have sufficiently peculiar abundances, a general Ap star line mask (with arbitrarily enhanced and depleted abundances of particular elements, as used in the original analysis of Wade et al. 2000b ) may result in an underestimation of the longitudinal field. Because each mask used in this study is "tailor-made" to the chemical abundances of the respective star, we are less susceptible to this problem and thus measure slightly increased longitudinal field values.
An example of the comparison between the new measurements, and those corresponding to the the two sets of MuSiCoS LSD profiles, are shown in Section 6.6 (Fig. 27) for α 2 CVn. This figure demonstrates that overall the agreement between the new measurements and the re-computed MuSiCoS measurements are acceptable. Using the new masks for the other stars makes little difference to the longitudinal field measurements, so the original measurements were kept for comparison. In addition good agreement can be seen between LSD profiles obtained with MuSiCoS and ESPaDOnS/NARVAL observations. Fig. 10 shows that LSD profiles both from MuSiCoS and the current observations are consistent for an identical phase of observation in the case of HD 32633 and HD 112413, with the new data showing much reduced noise levels.
It was quickly seen that both the ESPaDOnS and NAR-VAL data were consistent with one another. An excellent example of this can be seen in Fig. 9 , where two observations of HD 32633 are shown, one at a phase of 0.689 (taken with NARVAL) and one with a phase of 0.700 (taken with ESPaDOnS). The detailed agreement between the Stokes profiles indicates that both instruments appear to be performing extremely consistently with one another. Another test of consistency is described in Section 6.2 and 6.6 , where for certain phases, the ESPaDOnS/NARVAL data for α 2 CVn and HD 32633 have been convolved to the same approximate resolution as MuSiCoS (R=35000) and then compared to MuSiCoS observations of a similar phase. Very good agreement can be seen in individual lines.
As proposed by Landi Degl 'Innocenti et al. (1982) , assumed by Landolfi et al, (1993) and Leroy et al. (1993 Leroy et al. ( , 1995 , and finally confirmed by Wade et al. (2000b) , the phenomenon of broadband or net linear polarisation results from differential saturation of π and σ Zeeman components of individual spectral lines. Broadband polarisation measurements, such as those reported by Leroy (1995) , effectively average the signal from the net polarised spectral lines with regions of continuum (which may be unpolarised, or polarised due to e.g. interstellar polarisation). In contrast, net polarisation measurements obtained using LSD measure only the net polarisation in lines. Therefore the measurements are not equivalent. In particular, Wade et al. (2000b) found that it was necessary to arbitrarily scale and shift the LSD measurements relative to the broadband measurements in order to bring them into agreement. Here we adopt a similar procedure. Table 2 also shows the reduced χ 2 of longitudinal field measurements taken from the null spectra. A value close to 1 indicates that the null spectra and their error bars are consistent with zero longitudinal field and that the instrument is performing as expected. We see for HD 4778, HD 32633, 49 Cam and HD71866, this is not the case. These high values are a result of a handful of non-zero null measurements obtained during the December 2006 observations with NAR-VAL and very small number with obtained ESPaDonS, in which the null LSD profiles contained weak signatures (as discussed in Section 3).
In addition, for these stars, we find that the error bars on the Stokes V longitudinal field measurements are larger than the null longitudinal field error bars, typically by a factor of 3-4. This is significant, because it tells us that we begin to see that the Stokes V longitudinal field measurements are no longer limited by photon noise. Rather, the larger error bars for the longitudinal field in Stokes V are telling us that the LSD model is failing to fit the V spectrum within the Libre-ESpRIT computed error bars, likely due to blends and the limitation of the weak-field approximation. This only happens when a significant number of individual lines show very strong Stokes V signatures, and (as demonstrated by our ability to fit the longitudinal field curves within the error bars) is fully compensated for in the error bar calculation for Stokes V. As discussed by Wade et al. (2000b) this compensation is achieved by scaling the photon noise statistical error bars of LSD profiles by a factor equal to the square root of the reduced χ 2 . Wade et al. (2000b) describes that this scaling is almost always required for Stokes V in Ap stars. If we recompute the reduced χ 2 calculation again for the null spectra, but use the Stokes V error bars instead of the null error bars, the resulting reduced χ 2 is consistent with a zero longitudinal field (for example in the case of HD 32633, the reduced χ 2 goes from 5.42 to 0.36).
RESULTS FOR INDIVIDUAL STARS
In the following section, the results for each star will be discussed, including figures showing both the Stokes profile variation in selected individual lines and in the LSD profiles. Also the variation of the longitudinal field and in some cases the variation in net linear polarisation as a function of phase will be shown for each target. Results are compared with those of Wade et al. (2000a) and Leroy (1995) where possible. In the cases where the net linear polarisation was close to or consistent with zero at all phases (such as HD 32633 and HD 40312), these plots have been omitted.
HD 4778
HD 4778 is the only star in our sample that was not studied by Wade et al. (2000a Wade et al. ( & 2000b . It was classified by Renson and Manfroid (2009) as an A1CrSrEu star. We obtained Stokes V , Q and U spectra for 7 rotational phases (although no Stokes Q observation was obtained at phase 0.366). Using the method described in Sect. 5, the projected rotational velocity (v sin i) was determined to be 36 ± 2 km s −1 which is a little larger than the Abt & Morrell (1995) value of 33 km s −1 . The data have been phased according to the ephemeris reported by Leone et al. (2000) :
The individual spectral lines show strong signatures in Stokes V , and although variation in Stokes Q and U can be seen in individual lines in this star (an example is shown for the Fe ii λ 5018 in Fig. 11 ) the signatures in Stokes Q and U are relatively weak. Signatures are more prominent in the LSD profiles shown in Fig. 11 . Stokes I shows variability in the Fe ii 4923, 5169 and 5018Å lines (as shown in Fig. 11 ).
Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . The average uncertainly on the longitudinal field measurement is 20 gauss. The LSD profiles are illustrated in Fig. 11 , and the longitudinal field curve shown in Fig. 12 . The 2nd order Fourier fit to this curve, using only the new measurements gives a reduced χ 2 of 1.41. Also included in Fig. 12 are measurements reported by Bolender (1989) for comparison. The slight apparent phase shift could be due to a cumulative error in phase over an almost 30 year span caused by the period uncertainty. Leroy et al. (1995) obtained broadband linear polarisation measurements of HD 4778; their values are compared with the measurements obtained in this work in Fig. 13 . Reasonable agreement in Stokes Q and U can be seen between the two epochs of data. The ESPaDonS/NARVAL data had the mean subtracted and then were scaled by 0.08 to bring them into agreement with those of Leroy et al. (1995) .
HD 32633
HD 32633 is a fairly broad-lined B9p star with a strong, nonsinusoidal longitudinal magnetic field variation. We obtained Stokes V , Q and U profiles for 20 rotational phases (Stokes Q and U observations are missing at phase 0.086). Using the method described in Sect. 5, the projected rotational velocity (v sin i) was determined to be 19 ± 2 km s −1 which agrees within uncertainty with the value adopted by Wade et al. (2000b) .
The data have been phased according to the ephemeris of Adelman (1997b) :
Very strong and variable Stokes Q and U polarisation signatures can be seen in individual lines in the spectra of this star, an example of which is shown for the Fe ii 5018 A line in Fig. 15 . Interestingly, the shape of the Stokes Q and U profiles change relatively little as a function of phase (in individual lines, as well as LSD profiles of Fig. 15 ). This could be an indication that we are "seeing" a limited part of the transverse geometry of the field due to the overall geometry of the star. It should be noted in Fig. 15 that the shapes of the Stokes Q and U profiles of individual Fe lines look quite different from the LSD profiles. This may be a result of differences between the Stokes profiles of weak versus strong lines, or possibly differences in the Stokes profiles of lines of different chemical elements. As with all the stars with strong linear polarisation signatures in this study, HD 32633 has many more individual lines showing signatures in the new observations than in the MuSICoS observations. Also Stokes I shows variability in lines such as in the Cr ii line 4588Å and Fe ii4824 and 5018Å lines (as shown in Fig.  15 ).
Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . The longitudinal field values obtained by Borra & Landstreet (1980) and Wade et al. (2000b) is 26 gauss. The netlinear polarisation plot is not shown for HD 32633, due to the fact the measurements show little or no variation and are consistently null at all phases. In addition for certain phases, the ESPaDOnS/NARVAL data for HD 32633 have been convolved to the same approximate resolution as MuSiCoS (R=35000) and then compared to MuSiCoS observations of a similar phase. Within the limits imposed by noise, very good agreement can be seen in individual lines between the two data sets in Fig. 16. 
HD 40312 -θ Aur
θ Aur is a broader-lined A0p star with a weak magnetic field. We obtained Stokes V , Q and U profiles for 7 rotational phases. Using the method as described above, the projected rotational velocity (v sin i) was determined to be 53 ± 1 km s −1 which agrees within uncertainty with the value adopted by Wade et al. (2000b) All magnetic measurements have been phased according to the ephemeris of Wade et al. (2000a) :
The individual line profiles show weak signatures in Stokes V ; marginal Stokes Q and U signatures are visible at phase 0.7-0.8 (an example for the Fe ii 5018Å line is shown in Fig. 17 ). Signatures are slightly more prominent in the LSD profiles. Stokes I exhibits small variations in the Fe ii 5018Å and very subtle variation in the Fe ii line 4923 AḂecause of the weak Stokes Q and U signatures in individual lines in the spectra of this star, it would be a challenging candidate for IQU V mapping, but would be very suitable for IV mapping.
Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . The longitudinal field values obtained by Wade et al. (2000b) are compared to this work in Fig. 18 . Agreement can be seen between the two epochs of data. The average uncertainty on the new longitudinal field measurement is 14 gauss. A Fourier fit to the longitudinal field curve yields a reduced χ 2 of 1.53 with an order of fit of 2. Because of the limited phase coverage and the small net linear polarisation measurements, a plot of net linear polarisation is not shown for HD 40312.
HD 62140 -49 Cam
49 Cam is a fairly broad-lined F0p star with a moderately strong magnetic field. We obtained Stokes V , Q and U profiles for 19 rotational phases. The projected rotational velocity (v sin i) was determined to be 24 ± 2 km s −1 which agrees within uncertainty with the value adopted by Wade et al. (2000b) .
All measurements have been phased according to the ephemeris of Adelman (1997a) :
Variable signatures can be seen in Stokes Q and U in individual lines in this star, an example of which is shown for the Fe ii 5018Å line in Fig. 19 . The signatures are even clearer in the LSD profiles (Fig. 19) . The amplitudes of the Stokes Q and U profiles are small compared to HD 32633 (about 50 % smaller), in both the individual lines and LSD profiles. In Stokes I, 49 Cam shows subtle variability in most lines, but as with all the stars with strong linear polarisation signatures in this study, many individual lines show signatures, as shown in Fig. 8 .
Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . The longitudinal field values obtained by Wade et al. (2000b) are compared to those derived in this work in Fig. 20 . Very good agreement can be seen between the two epochs of data. The average uncertainty on the new longitudinal field measurement is 14 gauss, and the Fourier fit to the new measurements gives a reduced χ 2 of 1.29 with an order of fit of 3. To further illustrate the quality of data, Fig. 21 shows the longitudinal measurements obtained from the null spectrum. In the case of data free from any spurious signals (e.g caused by instrumental polarisation effects), the longitudinal field in the null spectrum should be consistent with zero and this is clearly the case with HD 62140 and is representative of most observations in this sample.
The net linear polarisation as a function of phase is shown in Fig 22. For both Stokes Q and U measurements there is reasonable agreement at most phases with the measurements reported by Wade et al. (2000b) and in most cases very good agreement with values reported by Leroy et al. (1995) . The net linear polarisation was scaled by the same factor (0.28), double the scaling factor employed by Wade et al. (2000b) . In addition the mean was subtracted from all measurements, as prescribed by Wade et al. (2000b) .
HD 71866
HD 71866 is a sharp-lined A2p star with a moderately strong magnetic field. We have obtained Stokes V , Q and U profiles for 14 rotational phases. The projected rotational velocity (v sin i) we determine is 15 ± 2 km s −1 which agrees within uncertainty with the value adopted by Wade et al. (2000b) .
All measurements have been phased according to the ephemeris of Bagnulo et al. (1995) : Clear signatures and strong variability can be seen in Stokes Q and U in the individual lines of this star, an example of which is shown for the Fe ii 5018Å line in Fig.  23 . The amplitudes of the Stokes Q and U profiles are large compared to many of the other targets in this study (in both the individual line and LSD profiles, see Fig. 23 ). Stokes I appears to vary very slightly with phase, with only small changes in line shape in the Fe ii lines at 4923, 5018 and 5169Å .
Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . To get a good agreement between the two epochs of data required a re-analysis of the Wade et al. (2000b) data, using the updated and abundance specific line mask (as used for the ESPaDOnS/NARVAL data). It is likely that this star is in a temperature regime where measurements are very sensitive to the line mask chosen or because of peculiar abundances. The longitudinal field variation is illustrated in Fig.  24 . Good agreement can be seen between the two epochs of data. The average uncertainty of the longitudinal field measured from the ESPaDOnS and NARVAL spectra was 27 gauss. A Fourier fit to the longitudinal field curve with a χ Wade et al. (2000b) with MuSiCoS (shown by filled diamonds) and those obtained by Leroy (1995) (shown by open squares). A good agreement can be seen, confirming consistency between the instruments and the improvement in data quality is evidenced by the smaller error bars associated with the ESPaDOnS/NARVAL measurements.
Imaging. However, more observations will be required to complete phase coverage. As with all the stars with strong linear polarisation in this study many individual lines show clear signatures.
6.6 HD 112413 -α 2 CVn α 2 CVn is a fairly sharp-lined A0p star with a moderately strong magnetic field. We obtained Stokes V, Q and U profiles at 24 rotational phases. The projected rotational velocity (v sin i) was determined to be 17 ± 1 km s −1 which agrees within uncertainty with the values adopted by Wade et al. (2000b) and Kochukhov and Wade (2010) . All measurements have been phased according to the ephemeris of Farnsworth (1932) :
Clear signatures and strong variability can be seen in Stokes Q and U in individual spectral lines of this star. Profile variations of the Fe ii λ 5018 line and of LSD profiles are shown in Fig. 26 . Very strong variation in Stokes I can be seen in the Fe ii lines at 4923, 5018, 5169Å. Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . The longitudinal field values are compared to the results of Wade et al. (2000b) in Fig. 27 . To get a good agreement between the two epochs of data required a re-analysis of the Wade et al. (2000b) data, using the updated and abundance specific line mask (as used for the ESPaDOnS/NARVAL data). It is likely that this star is in a temperature regime where measurements are more sensitive to the line mask chosen or that the abundances are sufficiently peculiar to cause a difference. In addition the new measurements are much more precise. The average uncertainty on the longitudinal field measurement was 27 gauss, with a Fourier fit to the longitudinal field curve yielding a reduced χ 2 of 0.83, with an order of fit of 3.
The net linear polarisation as a function of phase is shown in Fig 28. Both Stokes Q and U measurements were compared with the measurements of Wade et al. (2000b) , showing very good agreement at most phases. For certain phases, the ESPaDOnS/NARVAL data for α 2 CVn have been convolved to the same approximate resolution as MuSiCoS (R=35000) and then compared to MuSiCoS as described for HD 32633. Again good agreement can be seen in individual lines between the two data sets in Fig. 29 .
HD 118022 -78 Vir
78 Vir is a sharp-lined A1p star with a moderately strong magnetic field. We obtained Stokes V, Q and U profiles for 5 rotational phases. The projected rotational velocity (v sin i) was determined to be 13±1 km s −1 which agrees within uncertainty with the value adopted by Wade et al. (2000b) . All measurements have been phased according to the ephemeris of :
Clear signatures and strong variability can be seen in Stokes Q and U in the individual lines of this star, as shown for the Fe ii λ 5018 line and LSD profiles in Fig. 30) . Stokes I appears to vary only slightly between phases, with only small changes in the Fe ii lines at 4923, 5018 and 5169Å .
HD 118022 was studied by Khalack and Wade (2006) who constrained the global magnetic field of the star and determined the abundance distributions of titanium and chromium. This was performed using the magnetic charge distribution method (MCD) (Gerth et al. 1997; Khalack et al. 2001 ) and lower resolution MuSiCoS spectra, which limits the number of lines that could be modeled. This star is an excellent target for MDI, and further observations are warranted to supplement the currently rather sparse phase coverage.
Both B ℓ and net linear polarisation measurements have been obtained for each phase and are reported in Table 4 . The longitudinal field values obtained by Wade et al. (2000b) are compared to this work in Fig. 31 . The average uncertainty on the longitudinal field measurements was 12 gauss. The netlinear polarisation as a function of phase is shown in Fig 32 and compared with Figure 28 . Net linear polarisation (Stokes Q and U ) measurements for HD 112413 obtained with ESPaDOnS/NARVAL (shown by filled circles), compared with those obtained by Wade et al. (2000b) with MuSiCoS (shown by filled diamonds). A good agreement can be seen, confirming consistency between the instruments and the improvement in data quality is evidenced by the smaller error bars associated with the ESPaDOnS/NARVAL measurements.
DISCUSSION AND CONCLUSIONS
The goal of this project was to obtain a new data set in all four Stokes parameters for a selection of well studied Ap stars, with the ultimate aim to map these stars using Magnetic Doppler Imaging. The target list contained stars which span a large part of the parameter space of interest, with sufficient signal-to-noise ratio to not only greatly im- prove on the previous observations, but to also be suitable for MDI mapping. The final selection was based primarily on stars already identified by Wade et al. (2000a) as promising candidates for such study.
Early on in the project it was clear that both ESPaDOnS and NARVAL have greatly improved the level of detail at which Ap stars can be studied. The resulting dataset obtained for this study is far superior to that obtained previously with MuSiCoS, and represents some of the highest resolution phase-resolved observations of Ap stars acquired to date. This data set has more individual lines showing variation, much improved signal-to-noise and smaller error bars associated with measurements of the longitudinal field and net linear polarisation. The new data have been shown to be consistent with the previous observations of Wade et al. (2000a) and also those of Leroy at al. (1995) , with most targets agreeing well between the different epochs.
Surprisingly we found that even when the data are of such high signal-to-noise and when the magnetic fields are strong, the LSD analysis is sensitive to the normalisation and the measured magnetic field is rather sensitive to the integration ranges chosen, with variations of sometimes on the order of 100 gauss with very small changes of the integration range. A key conclusion of this work is that even with such high-quality data, extreme care must still be taken with all stages of analysis to ensure consistent results at this level of precision.
Although crosstalk was originally a concern, through a series of experiments we have shown that it is at a level which should not have a significant impact on the results. By using observations of γ Equ, we have seen that the highest level of crosstalk in Stokes Q is still within the noise and slightly above the noise in Stokes U (around the 5 % level.). It should be noted that even at these levels, this effect will be less significant in the broader-lined stars studied here.
Considering this, we believe the other uncertainties associated with the analysis techniques have a greater effect: normalisation, blending, line masks used for LSD and the et al. (2000b) ), compared with those obtained by Wade et al. (2000b) with MuSiCoS (shown by filled diamonds) and Leroy et al. (1995) broadband linear polarisation measurements (shown by open squares). Good agreement can be seen, confirming consistency between the instruments. The improvement in data quality is evidenced by the smaller error bars associated with the ESPaDOnS/NARVAL measurements.
choice of integration ranges used for longitudinal field measurements. But as regards the final impact of the crosstalk on MDI mapping, this will be discussed and addressed in a future paper (Silvester et al. in preparation) . With these high quality observations, we suspect that the limitations for mapping will in fact come not from the data (with strong Stokes Q and U signatures seen in many individual lines), but the ability to deal with line blends within the MDI code.
An important result of this study is the confirmed stability of the global properties of the magnetic fields of these Ap stars. Over multiple epochs of observations the fields have remained constant, with little variation in both longitudinal field and linear polarisation measurements. In some cases measurements separated by over a decade still agree with each other within the uncertainties. By comparing MDI maps produced from the new observations of α 2 CVn with those of Kochukhov and Wade (2010) , we can potentially test for evolution of the field geometry which may occur on small spatial scales.
Considering the longitudinal magnetic field measurements, agreement was found between the new measurements and those of Wade et al. (2000b) , with the exception of HD 71866 and α 2 CVn which showed a slight discrepancy. By re-reducing the MuSiCoS data with the new masks, the observations were brought into agreement. Whilst the general shapes of the netlinear polarisation variations were in agreement, one needed to invoke free parameters such as scaling which is consistent with what was described in Wade et al. (2000b) .
For any study which requires observations over multiple semesters, it is imperative that the instrument is stable and consistent throughout the campaign. Both NAR-VAL and ESPaDOnS proved to be very stable instruments, with resolution and signal-to-noise being constant over the 4 years of data. Indeed we have also shown the two instruments are consistent with one another with close to identical result from similar phases. These facts demonstrate that ESPaDOnS and NARVAL are both very capable instruments, well suited to high-resolution four Stokes measurements of magnetic stars over multiple year time scales.
One of the targets (α 2 CVn) has already been mapped with MDI using MuSiCoS data by Kochukhov & Wade (2010) . HD 112413 is an ideal star for determining how much of an improvement the new polarimetric data could give to MDI mapping. To quantify this improvement and to further confirm consistency, the new observations of α 2 CVn were compared with the profiles predicted by the model of Kochukhov & Wade (2010) . As shown in Fig. 33 , good general agreement between the new observations and the MuSiCoS-derived model is observed. However, the new profiles show more complexity than was present in the MuSiCoS data, which is not fully reproduced in the current model and would likely require a more complex magnetic field distribution. In addition, the Stokes V profile amplitude is significantly underestimated by the model at a number of phases.
The complete phase coverage of both 49 Cam (Silvester et al. in preparation), α 2 CVn and HD 32633 will allow the completion of 4 Stokes parameter MDI maps for these stars, doubling the number of Ap stars studied using this technique. Out of the remaining targets HD 4778, HD 71866 and HD 118022 would also be a worthwhile candidates for MDI; conversely HD 40312 has small linear polarisation signatures, relative to the noise in their spectra, making them less suitable for MDI analysis. The mapping of 49 Cam is well underway and the results will be presented in Paper II (Silvester et al. in preparation). 
